BACKGROUND: Pyrolysis-compound specific isotopic analysis (Py-CSIA: Py-GC-(FID)-
Introduction
Analytical pyrolysis is defined as the thermochemical decomposition of organic materials at elevated temperatures in the absence of oxygen. 1 The product of pyrolysis (pyrolysate) from most natural matrices in general consists of more or less complex mixtures of volatile products with specific precursors i.e. furans and pyranes from carbohydrates, methoxyphenols from lignins, and nitriles, pyrroles, and piperazines from proteins. 2, 3 This pyrolysate is amenable to chromatographic separation which, when combined with a mass spectrometry detector, yields a valid fingerprint information about the molecular structure even of complex mixtures of natural and synthetic macromolecular substances. 4 On the other side, stable carbon isotope analysis consists on the measure of the quantitative assessment of the main stable isotopes of carbon ( 12 C and 13 C) in ‰ relative to an international standard, viz., the fossil Pee Dee l belemnite (δ 13 C). This valuable tool with a wide range of applications in environmental sciences 5 is also helpful in food traceability/fraud detection [6] [7] [8] [9] as well as in forensic sciences. 10,11 A well-known large differential δ 13 C value is that between plants in terms of its photosynthetic pathways: C3, C4 and crassulacean acid metabolism (CAM In this communication the stable isotope composition of the main compounds released by pyrolysis from commercial sugar samples synthesized by plants with differing photosystem systems, i.e., C4 sugarcane and C3 sugarbeet; were studied using conventional micro-furnace analytical pyrolysis, bulk stable isotopic analysis and pyrolysis compound specific stable isotopic analysis.
Materials and methods
Commercial samples of sucrose from sugarcane and beet sugar purchased from ABF Group "Azucarera Española" (Madrid, Spain) were finely grounded in an agate mortar. Pure samples and mixtures of both sugar types (20, 40, 60and 80 % in dry weight) were prepared for analysis.
Conventional analytical pyrolysis (Py-GC/MS)
The direct pyrolysis-gas chromatography-mass spectrometry (Py-GC/MS) analysis was performed using a double-shot pyrolyzer (Frontier Laboratories, model 2020i) attached to a GC/MS system Agilent 6890N. Samples 0.5 mg were placed in small crucible capsules and introduced into a preheated micro-furnace at 500 °C for 1 min. The evolved gases were transferred into the GC/MS for analysis. The gas chromatograph was equipped with a low polar-fused silica (5%-phenyl-methylpolysiloxane) capillary column Agilent J&W HP-5ms
Ultra Inert, of 30 m × 250 μm × 0.25 μm film thickness The oven temperature was held at 50 °C for 1 min and then increased to 100 °C at 30 °C min -1 , from 100 °C to 300 °C at 10 °C min -1 , and stabilized at 300 °C for 10 min using a heating rate of 20 °C min -1 in the scan modus. The carrier gas used was helium at a controlled flow of 1 mL min -1 . The detector was an Agilent 5973 mass selective detector, and mass spectra were acquired at 70 eV ionizing energy. Compound assignment was achieved via single-ion monitoring for various homologous series, via low-resolution mass spectrometry, and via comparison with published and stored (NIST and Wiley libraries) data.
Bulk carbon stable isotopic analysis (δ 13 C)
Bulk isotopic signature of carbon (δ Atomic Energy Agency (IAEA) 25 The standard deviation of bulk δ 13 C was typically less than ± 0.05‰ relative to the appropriate recognized IAEA standards.
Pyrolysis compound specific isotopic analysis (δ 13 C Py-CSIA)
Direct pyrolysis compound specific isotopic analysis (Py-CSIA) of carbon (δ 13 C) was carried out with a double-shot pyrolyzer (Frontier Laboratories, model 3030D) attached to a GC/FID Trace GC Ultra system. At the end of the chromatographic column and in order to locate specific peaks within the chromatogram, the flux was divided and 10% diverted to the flame ionization detector (GC/FID) and 90% to a GC-Isolink System equipped with a microfurnace for combustion set at 1020 °C (EA) and coupled via a ConFlo IV universal interface unit to the Delta V Advantage IRMS (Py-GC-(FID)-C-IRMS).
Samples of 0.5 mg were placed in small crucible capsules and introduced into the preheated pyrolyzer micro-furnace at (500 °C) for 1 min. The evolved gases were then directly injected into the GC/FID/IRMS system for analysis. The gas chromatograph was equipped with a low polar-fused silica (5%-phenyl-methylpolysiloxane) capillary column Agilent J&W HP-5ms
This article is protected by copyright. All rights reserved Ultra Inert, of 30 m × 250 μm × 0.25 μm film thickness. The oven temperature was held at 50 °C for 1 min and then increased to 100 °C at 30 °C min -1 , from 100 °C to 300 °C at 10 °C min -1 , and stabilized at 300 °C for 10 min using a heating rate of 20 °C min -1 . The carrier gas was helium at a controlled flow of 1 mL min -1 .
Isotopic ratios for specific compounds are reported as parts per thousand (‰) deviations from the appropriate standard (PDB) recognized by the IAEA. 25 The standard deviations of compound specific δ 13 C was typically less than ± 0.1‰ relative to the IAEA standard. The identity of the compounds in the different chromatographic peaks were inferred by comparing and matching the mass spectra obtained by the conventional Py-GC/MS with the Py-GC/FID
and Py-GC/IRMS chromatograms obtained using identical column and the same chromatographic conditions.
Results and discussion

Conventional analytical pyrolysis (Py-GC/MS)
The number and the total abundances of compounds released after the direct pyrolysis at 500
°C from both sucrose samples are very similar (Table 1 and Fig. 1 ) and no noticeable differences were detected between cane and beet sugar pyrograms. As expected, the majority of products released from the sucrose were typical carbohydrate-pyrolysis compounds 3 i.e., furans, lactones (furanones), cyclic ketones (cyclopentanones) as well as anhydrosugars. A lignin marker (guaiacol) and a sulphur compound (dihydro-2-(3H)-thiophenone) was also present (Table 1) .
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The conventional pyrograms were used as a source of structural information to later being able to assign C isotopic values to peaks of known compounds. This was done by matching Py-GC/MS chromatogram with that obtained with the flame ionization (Py-GC/FID) and the IRMS (Py-GC-C-IRMS) analysis as shown in the example in Fig. 2 .
Bulk δ 13 C IRMS analysis
Bulk C isotopic analysis for the two sucrose types (sugarbeet C3 and sugarcane C4) and its admixtures were measured. The expected differences in the bulk δ 13 C were found between the sugar from the main photosystem type plants: the C3 13 C depleted (-22.82 ± 0.44 ‰) and n=6) was found between bulk δ 13 C and the % of mixture in the sample (Table 2 and Fig.3 ).
Compound specific isotopic analysis (Py-GC-(FID)-C-IRMS)
The main specific compounds released by pyrolysis were clearly identified in the FID and the IRMS chromatograms. To the best of our knowledge and taken into consideration not only peak size but also possible co-elutions inherent to the relatively complex pyrogram from sucrose, we confidently were able to assign structure and δ 
